Water allocation is an essential programming to support the sustainable development of Wuwei Basin, Gansu Province, China. To satisfy the demands of the decision makers (DMs) of each subarea and the total area, a bilevel multiobjective linear programming (BLMOLP) model is proposed. In the BLMOLP, DMs have a hierarchy of two levels-the upper level and the lower level DMs. In this paper, a fuzzy goal programming (FGP) approach is applied to solve the BLMOLP. Firstly, the upper level is solved and used as the tolerance for the lower level. Then the weights of each objective function in the lower level are evaluated. Finally, a satisfied optimization solution of the problem was calculated. The result suggests that the FGP is a simple and feasible approach to BLMOLP problems. The proposed method was applied to a case study for water resources allocation in Wuwei Basin. For four scenarios under consideration, the model can effectively balance the benefits among all regions and sections according to the priority of the upper level decision makers. The results indicate that comprehensive solutions have been obtained.
Introduction
Water is essential for all forms of life and is a fundamental resource, which has benefited both people and their socioeconomies for many centuries [1, 2] . The services provided by water systems are multiple. Yet, the overgrowing population and the droughts are putting water resources under pressure, especially in arid and semiarid areas. Solutions to the problem depend on many factors among which rational water planning and management is essential [3] . Water resources management has been a popular problem since the 1990s. Many researchers have promoted many concepts and methods for sustainable water resources management, such as virtual water and water foot print.
To balance the conflicts among water users, researchers have introduced optimization models for the allocation of water resources. The earlier water resource optimization models have been applied to multiarid and semiarid areas all over the world, from Arizona [4] to southern California [5] from Africa [6, 7] to Asia [8] . There are different methods introduced in the literature for optimization models of water resources allocation, such as dynamic programming [9] , genetic algorithm [10] , and game theoretic approach [11] . In the progress of decision making, problems are often compounded by uncertainties, such as the rainfall and the runoff appeared random values. In recent years, to tackle these uncertainties, several scientists proposed kinds of novel approaches. Messner et al. [12] proposed a multicriteria decision support under uncertainty, to deal with the water allocation conflict in the watershed of the German Spree River. To handle uncertainties existing in the water resources management systems, Li et al. [13] applied a multistage fuzzystochastic programming (MFSP) model to the planning of sustainable water resources management. In water allocation problem, Sadegh et al. [14] developed new methodologies based on game theories for optimal allocation of interbasin water resources, and Sadegh and Kerachian [15] then developed two new concepts Fuzzy Least Core and Fuzzy Weak Least Core to solve the water allocation model with fuzzy cooperative games. Shao et al. [16] combined conditional valueat-risk (CVaR) model with inexact two-stage stochastic programming and applied it to a reservoir water allocation 2 Mathematical Problems in Engineering system. Jin et al. [17] applied a dynamic dual interval programming (DDIP) to the irrigation water allocation systems. It is composed of potato, wheat, and alfalfa users with different requirements of water demand, value, and penalty cost under uncertainty. However, these methods have seldom been applied in practical cases for water resources allocation because of their complexity.
In practical cases, research area contains several subareas with multiwater users, such as irrigation, industry, domesticity, and ecology users. Competition for scare water resources by these users demands more well-developed methods to solve the conflicts, thus the researchers turned to multiobjective programming. Xevi and Khan [18] developed a multicriteria decision-making (MCDM) framework under multiconstraints, using the goal programming (GP) to solve the multiple objective problems. Singh et al. [19] presented an interactive fuzzy multiobjective linear programming (IFMOLP) model to improve the water quality and reduce the treatment cost. Fasakhodi et al. [20] were concerned with multiobjective linear fractional programming for optimizing sustainable water resources management. Many of them might encounter with the problem that it is difficult to select the target values and weights for the different goals.
However, water users and water managers always belong to two different groups in water system, especially in China. So there are not only conflicts between water users but also conflicts between water users and managers. And all the users have a hierarchical organization, so we need a multilevel or a bilevel programming to solve such a problem. Multilevel programming and bilevel programming were first proposed by Candler and Norton in their report [21] . Multi-level programming (MLP) is identified as mathematical programming that solves decentralized planning problems with multiple executors in a multi-level or hierarchical organization [22] . A bilevel programming problem is a special MLP that bilcontains decision makers (DMs) in two levels. Bilevel programming has been used in water exchange in eco-industrial parks [23] , manufacturer-retailer supply chain problems [24] , and lot-sizing problems [25] . Considering a water resources allocation problem that involves multisources and multiusers, Lv et al. [26] developed an interval fuzzy bilevel approach (IFBP) to solve the problems, from which decision makers had a characteristic of hierarchy and conflicted with each other. However, there are few researches to address the bilevel approach within multiobjective framework under uncertainty for the water resources allocation. Especially when managers need to make a choice among multiprofits, traditional mathematical programming cannot deal with such dilemma under a hierarchical structure.
Based on the above discussions, in water allocation behavior, different interest users and different interest managers have different objectives which may be conflicting and incommensurable. When water managers considered water allocation problem referring to targets on different levels, a bilevel programming can be used for different profit preference. Such as in the Wuwei Basin, environment and ecology deterioration is the most prominent problem, so the decision makers on the upper level can place particular emphasis on the ecology benefit. To coordinate their interests, a bilevel approach within multiobjective framework under uncertainty for the water resources allocation needs to be considered. In this research, a bilevel multiobjective linear programming (BLMOLP) is proposed to solve water resources allocation for multiusers, which were characterized as hierarchical structure. The detailed research tasks include the following. In Section 2, the general formulation and the solution methods are introduced. The fuzzy goal programming approach is mainly discussed and used to solve the problem. In Section 3, the general situation of the study area is presented, and the formulation of the problem is solved. Four scenarios are calculated for different goals, and the results will help the decision makers to balance the water allocation in the area. In Section 4, the conclusion is given, and the future work is proposed.
Methodology

Bilevel Programming
General Formulation.
The general formulation of a bilevel programming problem (BLPP) is as follows [27] :
where can be solved from
where ∈ R 1 and ∈ R 2 . The variables of problem (1), (2), (3), (4), and (5) are divided into two classes, namely, the upper level variables ∈ R 1 and the lower level variables ∈ R 2 . The upper level decision maker (ULDM) controls over vector , and the lower level decision maker (LLDM) controls over vector .
Through introducing the bilevel programming into the multiobjective framework, the bilevel multiobjective linear programming (BLMOLP) can be expressed as
where can be solved from (lower level)
Solution Methods.
So far, many classical approaches to solve bilevel programming (BLP), especially for bilevel linear programming, were developed. The th-best algorithm was first proposed by Candler and Townsley [28] . Shi et al. [29] proposed an extended th-best approach for linear BLP. Bialas and Karwan [30] first used complementary pivots approach for linear BLPPs. Also, Bard and Moore [31] proposed the branch and bound algorithm to solve bilevel programming. This algorithm has been applied with remarkable success in linear bilevel programming, but its performance is dependent on the linear form of the upper level constraint functions.
One of the most efficient approaches was the fuzzy goal programming (FGP), which is an extension of the conventional goal programming (GP) introduced by Charnes and Cooper [32] . Fuzzy goal programming (FGP) approach to BLP has been recently studied by many researchers [33] [34] [35] .
Fuzzy Goal Programming to BLMOLP.
In BLMOLP problems, if one level is assigned to each of the objectives, then these fuzzy objectives are termed as fuzzy goals. They are to be characterized by the associated membership functions by defining the tolerance limits for the achievement of each level. And the solution procedure appears as the following [22, 36, 37] .
Construction of Membership Functions.
If the two levels share the same constrains, all the DMs are interested in maximizing their own objective functions over the same feasible region, then the optimal solutions of both of them calculated in isolation can be taken as the aspiration levels of their associated fuzzy goals.
Let ( , , ) and ( , , ) be the optimal solutions of the upper level and lower level, respectively, when calculated in isolation. Then the fuzzy goals of leader and subordinates appear as
It may be noticed that the two solutions ( , , ) and ( , , ) are usually different because the objectives of all DMs are conflicting in nature. Therefore, it can be assumed reasonably that the values [ = ( , )] < and all values ( , ) < are absolutely unacceptable to the upper level. ( , ) can be considered as the tolerance limit of the fuzzy objective goal of the upper level. Similarly, [ = ( , )] < can be considered as the lower tolerance limit of the fuzzy objective goal of the lower level. Let ( < < ) be the tolerance limit of the fuzzy decision goal of the leader. Then, the membership functions of the defined fuzzy goals can be formulated as follows:
Let and be the maximum negative and positive tolerance values on the decision vectors considered by the upper level DM. The tolerances and are not necessarily the same:
Fuzzy Goal Programming Approach.
In fuzzy programming approaches, the highest degree of membership function is one. According to [38] , for the defined membership functions in (6) and (7), the flexible membership goals with the upper level can be presented as
or equivalently as
where Then, the proposed fuzzy bilevel multiobjective linear goal programming model of the problem can be presented under the framework of min-sum goal programming as follows:
upper level DM FGP model:
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lower level DM FGP model:
subject to
where represents the fuzzy achievement function consisting of the weighted over-deviational variables + of the fuzzy goals , and the under-deviational and the over-deviational variables − , + , − and + for the fuzzy goals of all the decision variables for the upper level. The numerical weights + , + 2 , , and 1 represent the relative importance of the respective fuzzy goals subject to the constraints set in the decision situation.
To assess the relative importance of the fuzzy goals properly, the weighting scheme suggested by Mohamed-decision makers can rank the objectives according to their priority [38] -can be used to assign the values to + , + 2 , and 1 . In the present formulation, these values are determined as
Using the fuzzy goal programming approach referred above, the calculating procedure is expressed as in the following steps.
Step 1 Step 2. Set the goals and tolerances limits and evaluate the weights + for the objective function of the upper level.
Step 3. Elicit the membership function [ ( , )] and formulate the transformed upper level model (15) , (16) , (17), (18) , (19) , (20) , (21) , and (22).
Step 4. Solve the transformed upper level model.
Step 5. Set the tolerance for − , − , − , + , + , and + and evaluate the weights , 1 .
Step 6. Elicit the membership function [ ( , )] and formulate the transformed lower level model (23), (24) .
Step 7. Solve the transformed lower level model to get the satisfactory solution of the BLMOP problem.
Case Study
Overview of the Study Area. The Wuwei Basin, Gansu
Province, China (Figure 1 ), which is located in the eastern part of the Hexi Corridor (near Lanzhou, Qinghai, and Inner Mongolia), is an oasis-desert ecotone that links the Loess Plateau, Tibetan Plateau, and Mongolia-Xinjiang Plateau. [39, 40] . Wuwei is a typical continental climate region, with its average temperature of 7.80 ∘ C per year, average sunshine of 2968.2 hours per year, and frost-free period of 158 days per year. The rainfall is 161 mm, and its evaporation is 2020 mm per year. The distribution of rainfall is uneven which accounted for 59.4% of the annual precipitation from July to September.
Due to the particular geography and the influence of human activities in Shiyang River Basin, the vegetation coverage of water conservation forest is decreasing, and the shortage of surface water resources is coming. The contradiction between supply and demand of water resources is increasing. Conflicts arise in the allocation of limited water resources among multiple competing interests, because each region prefers to maximize its own net benefit. But for the upper level decision makers, to balance the benefits of each region (lower level decision makers) is more important. Thus, bilevel programming is considered for the research area.
According to statistics annual reports published by Wuwei Water Affairs Bureau, the values per 1000 cube meters of water of each area are calculated (Table 2 ), which will be used as the coefficient of the upper level programming; the water price is selected as the coefficient of the lower level programming. Therefore, the upper level goal is the total benefit of Wuwei, and the lower level goal was the profit of water resources of each area.
According 
Modeling Formulation and Calculating Procedure.
The problem under consideration is how to allocate water resources. The upper level decision makers wanted to get the maximum benefits of the whole system, while the lower level decision makers would like to maximize their own profits. Then the objects of the problem are shown as follows: 
(1) total amount not more than available water supply
(2) not less than minimum water supply
(3) not more than maximum water supply
(4) regional coordination development
(5) nonnegative constraints According to the procedure above, four scenarios are set, and the satisfactory solutions are shown in Table 3 . In scenario 1, the decision makers emphasise on irrigation benefits, and in scenario 2 to scenario 4, DMs emphasise on the industry benefits, domesticity benefits, and ecology benefits, respectively.
Results Analysis
The detailed satisfactory solutions in Table 3 are parts of the optimal solutions of the BLMOLP model for water resources allocation. Because the different tolerance limit had a corresponding solution for the model, multioptimal solutions will emerge. However, the deviation of each result is tiny. The progress of the solution suggests that fuzzy goal programming is a user friendly method. For a specific target, there is a little alteration in the objective goal.
Irrigation water allocated is about 84% of the total amount of water on average and is nearly the same as the figure of the former 5 years. In scenario 1, irrigation water allocated is about 5 × 10 6 m 3 more than the other three scenarios on average. While DMs give priorities to the industry users (scenario 2), the water allocated for industry is over 16 × 10 6 m 3 more than the other three scenarios on average. The probable reason for this is that the coefficient of industry water use is higher than the coefficient of irrigation water use. In other words, even if the DMs prefer the irrigation users, the water allocated to the department would not increase too much. In this regard, in the Minqin area, the coefficient of ecology is higher than the other areas, so in scenario 4 the water allocated increases a lot. However, in scenario 4, the other areas' water allocation decreases a bit. It is because the model needs to balance the net water allocation. We also notice that in scenario 2 Liangzhou gets the highest water allocation, and the result is coherent to actual circumstances. Liangzhou is the main area of industry output, so a slight change would influence the result, especially, when DMs emphasise on industry. Figure 2 shows the benefit variousness under different scenarios for different users. For irrigation users, the benefits keep a constant level in the limited increase due to 8 Mathematical Problems in Engineering the upper level objects' constrains. And the variousness of the industry users' benefits reflects the adaptability of the lowerlevel decision makers to the upper level decision changes. According to Figure 2 , although the upper level decision makers emphasise on domesticity and ecology water users, there are a slight decrease in Liangzhou. This also inflects the upper level constrains to the lower level objects, because the total benefits reflect an upward trend. However, the results also indicate the subjectivity of the bilevel programming. When the upper level decision maker cannot choose the specific benefits he/she cared for, the result of the programming is confusing for the lower level decision makers. Another disadvantage of fuzzy goal programming is that the determination of numerical weights is difficult. Based on the fuzzy membership functions, there is not too much complicated calculation. Anyway, fuzzy goal programming is flexible for bilevel programming.
Conclusions
A bilevel multiobjective linear programming (BLMOLP) model is discussed in this paper and applied to Wuwei Basin in Shiyang River, Gansu Province, China. Water resources allocation involved several decision makers including the leaders and the subordinates. Using the fuzzy goal programming to solve the problem, by setting the tolerance value, the result could be calculated easily. Fuzzy goal programming approach is developed to minimize the group regret of degree of satisfactions of all DMs. In this research, the deviational variables of the defined membership functions are minimized to achieve the highest degree. The result of the BLMOLP model can be used for the water allocation in the Wuwei area; meanwhile, the model also can be generalized to a broader area. However, the formulation is a typical linear programming in this research. In practical situations, the water resources system may be nonlinear, and the relationship between the water users or the decision makers is more complicated. Therefore, nonlinear programming will be studied in the future, and the fuzzy goal approach also can be used. As well, a bilevel multiobjective nonlinear programming (BLMONLP) model can be studied for the water resources system, even for the energy system, waste disposal problem.
